5'-Phosphoribosyl-5-aminoimidazole (AIR) carboxylase (EC 4.1.1.21) catalyzes the carboxylation of AIR to 5'-phosphoribosyl-5-aminoimidazole-4-carboxylic acid (CAIR): AIR + CO2 ± CAIR. This reaction constitutes step 6 in the de novo synthesis of IMP, the first complete nucleotide of purine biosynthesis (20) . While the enzyme has been only partially purified from several sources (20, 32) , the gene encoding AIR carboxylase has been the focus of several studies (10, 19, 44) and has been cloned from several diverse organisms (7, 11, 12, 17, 31) .
Escherichia coli and Salmonella typhimuruim strains with mutations in the purE locus have been divided into two classes, first by complementation analysis and then according to their growth response to high CO2 concentrations (4, 10) . Those mutants that have an absolute requirement for exogenous purines have been designated purE1 mutants, while purE2 mutants are CO2 conditional in that they can grow without exogenous purines in the presence of increased concentrations of CO2 (10) . This indicates that the purE2 product is required for optimal CO2 binding.
As a historical note, the gene encoding AIR carboxylase has the distinction of being involved in the first lac fusion described by Jacob et al. (16) . This and other lac fusions have been extensively utilized to investigate the regulation of this gene and its potential coregulation with the remaining loci of the de novo purine biosynthesis pathway (19, 44) . These studies have established that the purE loci of E. coli and S. typhimuruim are regulated by a mechanism in common with the other pur loci (10, 19, 44) , and regulatory mutants with mutations unlinked and linked to the purE locus have been characterized (10, 19, 44) . In E. coli and S. typhimurium, the purE locus is unlinked to the other scattered loci of the purine de novo biosynthesis pathway (2, 36) , in contrast to Bacillus subtilis, in which the equivalent loci are organized as a single large operon (7) .
In this paper, we report the nucleotide sequence of the purE locus, the identification of its control region, and regulation by the purR gene product. The DNA sequencing studies revealed that the purE locus is composed of two separate genes that form the purEK operon. In consultation with B. Bachmann of the E. coli Genetic Stock Center, the purE1 locus has been designated purE, and the purE2 locus has been designated purK. Consistent with previous complementation analyses (10) , the first gene in the operon (purE) encoded the catalytic subunit, while the second gene (purK) encoded the C02-binding subunit. The termination codon of the purE gene overlapped the initiation codon of the purK gene, and thus the expression of the two AIR carboxylase subunits should be translationally coupled. The purEK mRNA 5' end was identified by mung bean nuclease mapping, and a purR regulatory-protein-binding site (GCAAACGTTTGC) found in the control regions of the purF, purMN, and other sequenced pur loci (A. A. Tiedeman, A. Shiau, S. A. Wolfe, C. G. Gaines, and J. M. Smith, Fed. Proc. 46:2218, 1987) was also found in the purEK control region. Introduction of a purR mutation into a purE-lac fusion strain led to loss of regulation of the purEK operon.
MATERIALS AND METHODS Strains and media. E. coli K-12 TXS17 [ara A(gpt-pro-lac) purE204 srlC300::TnJO recA56], in addition to the strains previously described (17) , was constructed and used as a recipient for the isolation ofpurEK plasmids by complementation. The recipient strain JM83 (25) was used to identify subclones containing restriction fragments from the purEK region, while strain JM101 (25) was employed for the propagation of M13 bacteriophages. E. coli CSR603 (35) was used for maxicell analyses (34) , and strain TX302 (49) is our standard strain for genetic and regulatory studies. Strains were made competent and transformed by the procedure of Dagert and Ehrlich (6) . The minimal medium of Neidhardt et al. (28) and the rich media described by Miller (27) (5) has been described previously (17) . A 3.0-kilobase-pair (kb) BgIII fragment from plasmid pLC8-25 containing the purEK operon (17) was subcloned into plasmid pUC19 (50) to create plasmid pJS131. This plasmid, in addition to plasmids pJK3 and pJK43 (17) , was subsequently employed as a source of restriction fragments for DNA sequencing studies. Plasmids pJK42 and pJK43 (17) carrying portions of the purEK operon were utilized for maxicell analysis (34) . Plasmids pTE405 and pTE407 and their TnS derivatives containing the purE gene of Methanobrevibacter smithii were obtained from P. Hamilton (11) .
DNA isolation and sequence analysis. The DNA isolation procedures previously described were employed (47) . DNA sequences were determined by the dideoxy-chain termination method of Sanger et al. (38) . A 1.9-kb HpaI restriction fragment containing the purEK operon was digested with AlI, FnuDII, HaeIII, Sau3A, TaqI, HpaI, and DraI restriction enzymes. Additional restriction fragments to extend the sequence beyond the purK gene were obtained from plasmid pJS131. The resulting restriction fragments were then ligated into the appropriate cloning sites in M13mpl8 and 19 (50) and transformed into JM101 (26) . Colorless plaques were individually picked and propagated for the preparation of sequencing DNA (37) . The 17-base primer used for sequencing (5'-GTTTTCCCAGTCACGAC-3') was obtained from B. A. Roe, University of Oklahoma. The DNA sequences were compiled and analyzed by computer (18) Maxicell analysis. The labeling of plasmid proteins in UV-irradiated whole cells (maxicells) was carried out as described by Sancar et al. (34) , except that after UV irradiation, cells were aerated for 1 h at 37°C, cycloserine was added at a final concentration of 100 ,ug/ml, and aeration at 37°C was then resumed and continued for 16 h. The growth medium was as described previously (34) , except that it was supplemented with thiamine (2 ,ug/ml) and, for the plasmidcarrying derivatives of CSR603, ampicillin (100 ,ug/ml). When indicated, adenine was also added to the medium at a final concentration of 0.5 mg/ml). Samples were loaded on a 16% polyacrylamide-sodium dodecyl sulfate gel for electrophoresis.
AIR carboxylase comparisons. The AIR carboxylase sequences were aligned with the Genealign program of H. Martinez (23) as implemented on BIONET, and local adjustments were made by visual inspection.
RESULTS AND DISCUSSION
Nucleotide sequence of the purEK operon. The sequence of the 1.9-kb HpaI restriction fragment encoding the purE locus (17) was determined for both strands from overlapping DNA restriction fragments. An additional and overlapping DNA sequence from the HpaI site to a BgIII site 480 bp downstream of the purK gene was also determined after subcloning of additional restriction fragments from plasmid pJS131. A detailed restriction map and the specific DNA fragments sequenced are shown in Fig. 1 . The DNA sequence and the deduced amino acid sequence are shown in Fig. 2 , and the sequence is numbered from the upstream HpaI restriction site to the BglII site.
Analyses of the sequence in Fig. 2 for open reading frames (ORFs) revealed two overlapping ORFs. The first, encoding a polypeptide of Mr 17,782, initiated with an ATG codon and extended from nucleotide 322 to nucleotide 831, with the translational stop codon, TGA, overlapping the ATG start codon of the second ORF. The latter also initiated with an ATG codon, started at nucleotide 828, and extended to nucleotide 1895, where the termination codon (TAA) was part of the HpaI recognition sequence (GTTAAC) and would encode a polypeptide of Mr 39,385. Previous studies of the purE locus have indicated two complementation groups, purEl and purE2, where purEl contained the catalytic activity while purE2 contained the C02-fixing activity (10) . The first ORF also lay within the 866-bp HpaI-HaeIII restriction fragment previously shown to encode the catalytic activity of AIR carboxylase and to contain the control region (17) . Accordingly, the first ORF should be designated purE, the catalytic subunit, while the second ORF should be designated purK and contains the C02-binding activity of AIR carboxylase. alignment with AIR carboxylase sequences from other organisms (discussed below). This proposed initiation codon was preceded by two potential Shine-Dalgarno (39) sequences. The AGGAG at nucleotides 306 to 310 showed the greatest identity with the end of the 16S rRNA (39) . The other potential ribosomal binding site was the sequence TAAG at nucleotide 314 to 317, but as discussed by Gold and Stormo (9) , the AGGAG sequence would be more commonly used for translational initiation.
The proposed ribosomal binding site for the purK gene was a more typical GAGG sequence (9) at nucleotides 818 to 821, lay entirely within the purE coding region, and preceded an ATG initiation codon. The overlapping of the purE termination codon with the purK translational initiation codon suggests not only that the purEK genes are an operon but also that they are translationally coupled (30) . The boundaries as well as the correctness of the sequence for the purEK genes is also supported by maxicell analysis and comparisons with the sequences of AIR carboxylase from other organisms.
Maxicell analyses. Strain CSR603 carrying plasmid pJK42, which contains the entire purEK operon (17) , showed two protein bands of molecular weights 15,000 and 41,000, respectively, while strain CSR603 carrying plasmid pJK43, which contains only the control region of the purEK operon and the purE gene, showed only the protein band of molecular weight 15,000. Growth in the presence of adenine led to much less labeling of these protein bands. Besides these bands, two more protein bands of molecular weights 28,000 and 31,000, respectively, were mostly noticeable. Labeling in these bands was not diminished when the cells were grown in the presence of adenine. These bands are attributed to the proteins encoded by the gene responsible for ampicillin resistance (34) , which is present in both plasmids pJK42 and pJK43. None of the bands described were detected in CSR603, whether it was grown in the absence or presence of adenine. These results are shown in Fig. 3 .
Comparison of E. coli AIR carboxylase with AIR carboxylases from other organisms. The genes encoding AIR carboxylase have been cloned and sequenced from Bacillus subtilis (7), Methanobrevibacter smithii (12) , and Methanobacterium thermoautotrophicum (11) . The AIR carboxylase activity of the two methanogens appears to reside on a single polypeptide chain (11, 12) . The purE gene of Methanobrevibacter smithii encodes a single polypeptide with a molecular weight of about 37,000. Hamilton and Reeve (11) have introduced Tn5 insertions into the gene, and these derivatives produced truncated polypeptides with Mr ranging from 7,000 to 28,000 that are unable to complement the purE mutants of E. coli. We found that the plasmid with the most distal insert (E3::TnS) which produces the truncated 28,000-Mr protein did indeed complement purE mutants of both E. coli and S. typhimurium, but only in the presence of high CO2 tension. This means that it has purE but not purK activity and that the parent polypeptide contains two domains analogous to the two subunits of E. coli AIR carboxylase. Analysis of the complementation patterns of the TnS derivatives placed the purE product between 12,000 and 27,000 Mr and established that the terminal 75 amino acids are required for purK activity.
It has also been noted that the AIR carboxylase polypeptide of Methanobrevibacter smithii contains a duplication (7) where the carboxy-terminal half of the polypeptide can be aligned with the front amino-terminal half. This duplication is also present in the sequence of the homologous enzyme from Methanobacterium thermoautotrophicum such that the AIR carboxylases from the two methanogens can be readily aligned along their length (11) . This argues for a gene duplication of ancient origin, since these two methanogens are widely separated on an evolutionary scale (11 GTTAACCAAA ACGCGGTGGT CAGTGCGATG GAAAAACATC AGGTGCAATG GCTGATCCAC GGGCATACCC   80  90  100  110  120  130  140   ATCGCCCGGC GGTGCATGAA CTTATCGCCA ATCACCAACC TGCTTTTCGC GTGGTACTGG GTGCCTGGCA   150  160  170  180  190  200  210   TACGGAAGGT TCAATGGTGA AAGTCACGGC GGATGACGTT GAGCTGATTC ATTTTCCGTT TTAAAAAACC   220  230  240  250  260  270 example of a gene duplication involving the purine genes has been reported for the AIR synthetase portion of the trifunctional protein of Drosphila melanogaster (14'.
The purEK genes of B. subtilis were identified by the homology of their deduced amino acid sequence with the sequences reported here (7) . Thus, the AIR carboxylase enzyme of B. subtilis resembles that of E. coli, in which two separate subunits are required for activity. While AIR carboxylase in methanogens appears to be a single polypeptide enzyme with two domains, AIR carboxylase from the eubacteria E. coli and B. subtilis are enzymes made up of two subunits. In contrast, AIR carboxylase appears to reside on the same polypeptide as SAICAR synthetase in chicken liver (32) . In summary, with the results reported here, we have three broad patterns of evolutionary strategy for AIR carboxylase activity: separate subunits in eubacteria, a single duplicated subunit in archaebacteria, and a bifunctional polypeptide in eucaryotes.
In Fig. 4 , the AIR carboxylase sequences from B. subtilis, M. smithii, and M. thermoautotrophicum are aligned for comparison with the deduced E. coli sequences. The catalytic subunit (purE) of E. coli AIR carboxylase showed very strong identity when aligned with the sequences from B. subtilis, and in turn, the sequences of these two eubacteria could be aligned and shared considerable identity with the amino-terminal portion of the methanogen AIR carboxylases. Overall, the E. coli and B. subtilis catalytic subunits shared 57% identity, which increased to 72% if conserved residues were included and no gaps were needed to align the sequences. When compared with the first 170 residues of the methanogen AIR carboxylases, E. coli purE shared 38% identity with Methanobrevibacter smithii and 40% identity with Methanobacterium thermoautotrophicum, which increased to 59 and 62%, respectively, when conserved residues where included as aligned in Fig. 4 .
In contrast, the C02-binding subunit encoded by E. coli purK showed only 32% identity when aligned with the sequence from B. subtilis; the identity increased to 58% when conserved residues were considered. This alignment includes several gaps, and thus the C02-binding subunits of these two bacteria have diverged more than the catalytic subunits. This may be due to a relatively nonspecific nature of CO2 binding. When either the E. coli or B. subtilis purK sequence was compared with the AIR carboxylase methanogen sequences, no significant identity could be detected.
purEK operon REP sequences. Downstream of the purK gene, three complete and one half repetitive extragenic palindromic (REP) sequences (8, 42) could be identified from nucleotide 1912 to nucleotide 2069 (overlined in Fig. 2) . In addition to other postulated roles in the cell, REP sequences have been shown to be involved with mRNA stability (24, 29) , and thus these REP sequences may play the same role in the expression of the purEK operon. In the interval between the REP sequences and the BglII site, no sequences with the features of rho-independent terminators (15) could be identified with confidence. Thus, the terminus of the purEK operon remains uncharacterized.
Identification of the 5' end of purEK mRNA. The 5' end of the purEK mRNA was determined by mung bean nuclease mapping. A 416-bp TaqI fragment that spanned the end of the purE gene was labeled at the 5' end with polynucleotide kinase and [y-32P]ATP after dephosphorylation with calf intestinal alkaline phosphatase according to the procedures of Maniatis et al. (22) . Total RNA extracted from strain TX517 containing plasmid pJS131 was hybridized to the labeled fragment, and after mung bean nuclease treatment, the protected fragment was sized on a DNA sequencing gel with a Sanger dideoxy sequencing ladder as a standard. A protected fragment of approximately 131 nucleotides was detected after treatment with various concentrations of mung bean nuclease (Fig. 5) . The size of this protected fragment would indicate that the probable transcription initiation nucleotide is 280 or 281. Within reasonable spacing constraints for RNA polymerase, the TATTCT sequence at nucleotides 267 to 272 is the best candidate for the purEK -10 region. This assignment is also supported by the RNA polymerase binding studies reported earlier which localized the RNA polymerase-binding site to this region (17) . At 17 bp upstream of this -10 region, the sequence TTTTCC is the best fit to the consensus -35 region (TTGACA; 13). Similar to the other pur loci that have been characterized to date, including the purF (21), purMN (40) , purL (F. J. Schendal, E. Mueller, J. Stubbe, A. Shiau, and J. M. Smith, Biochemistry, in press), purA (S. A. Wolfe and J. M. Smith, J. Biol. Chem., in press), and guaBA (43, 45) loci, the purEK control region mRNA does not appear to have potential for secondary structure.
Regulation of the purEK operon. As other previous studies have shown, the purEK operon is coregulated with other loci of the de novo purine biosynthesis pathway (10, 44 (40) , and the purEK sequence is from Fig. 2 . The -10 regions and purR binding site are labeled. The alignment of the purEK control region sequence to the purMN and purF alignment (3) was by visual examination with respect to the respective -10 regions.
pressed under excess-purine growth conditions. This definitively establishes the coregulation of the purEK and purF operons by a common regulatory protein encoded by the purR locus.
When the purEK control region was compared with the purMN and purF control regions, a 9-bp displacement was necessary to align the purEK control region with the conserved sequence (36 of 39 nucleotides) present in their control regions. It is of interest that this displacement corresponds to the approXimately one turn of the DNA double helix. The purF, purMN, and purEK control regions are aligned for comparison in Fig. 6 , and with the allowance for the 9-bp displacement, the control regions of the three loci are very similiar with regard to the location of the purR binding site, -10 regions, and conserved nucleotides.
